Introduction
Brominated flame-retardants (BFRs) are used in plastics, textiles, synthetic fibers and other materials as a fire prevention measure.
In particular, polybrominated diphenyl ethers (PBDEs), 3,3′,5,5′-tetrabromobisphenol A (TBBPA) and 1,2,5,6,9,10-hexabromocyclododecane (HBCD) are used extensively world-wide, although consumption of the different compounds varies greatly between Asian, North American, European, and other countries. 1, 2 TBBPA has the highest annual consumption in Asia and Europe, while HBCD usage is increasing world-wide and is used to almost the same extent in Europe as TBBPA.
BFRs can be released to the environment during their production, during their use in the manufacture of other products, and in the disposal of the products. Overviews of BFRs in the environment have been presented elsewhere. 1, 2 Most studies of BFRs have focused on PBDEs, and their environmental behavior is reasonably well understood. [3] [4] [5] [6] [7] [8] Significantly, they have the potential to generate brominated dioxins and furans. PBDE congeners, of which the maximum theoretical number is 209, have been congener-specifically determined by GC/MS with exact mass measurement or with chemical ionization. [3] [4] [5] [6] [7] [8] Less is known about the environmental distribution of TBBPA and HBCD; [9] [10] [11] [12] [13] in particular, it is not known why the reported abundance ratios of HBCD diastereoisomers were different for different samples, sites and environmental media. Lack of a reliable measurement method could be one of the reasons. Methods for determining TBBPA in water and sediment were readily developed, 12, 13 and HBCD could be measured as the total of the three diastereoisomers (α, β, and γ) by gas chromatography/mass spectrometry (GC/MS). 14, 15 However, it is necessary to be able to determine the HBCD diastereoisomers separately because the proportions of the three isomers reportedly varied with types of samples, sites and products. [10] [11] [12] LC/MS and LC/MS/MS are currently the best methods for measuring the HBCD diastereoisomers separately in environmental samples, but few recovery data for analytical procedures have been reported. 16 Difficulties in developing an accurate analytical method include the high hydrophobicities and the different physico-chemical properties of the diastereoisomers. They are strongly adsorbed onto solid surfaces such as glassware, suspended solids and adsorbent cartridges, and their different properties affect extraction efficiencies, evaporation losses and storage stabilities.
Simple and accurate analytical methods for the HBCD diastereoisomers and TBBPA in water, particularly in landfill leachates, and in sediments using LC/MS and LC/MS/MS are presented in this paper. We also discuss the different properties of the HBCD diastereoisomers resulting from differences in their molecular structures and present their total charge density surfaces mapped by a chemical drawing program.
Acetonitrile of LC/MS grade and acetone of dioxin analysis grade were purchased from Kanto Chemical Co., Inc (Tokyo, Japan) and Wako Pure Chemicals Industries, Ltd. (Osaka, Japan), respectively.
The brominated standard compounds were separately dissolved in small amounts of acetone, and then each of the acetone solutions was diluted with acetonitrile to make standard stock solutions of 1000 µg/L.
Abselut NEXUS cartridge columns of 500 mg bed capacity (Varian, Inc., Palo Alto, CA, USA) were used for solid phase extraction (SPE). Each cartridge was cleaned of any possible contaminant residues by sequential elution with acetone (5 mL) and pure water (5 mL).
All pieces of glassware were washed with acetone immediately before use.
Sample preparation
A water sample (1 L) spiked with standards, namely, TBBPA (10 ng), and α-(11 ng), β-(12 ng) and γ-(60 ng) HBCD, was filtered through a quartz fiber filter of 47 mm diameter. The filtrate was passed through the cartridge column at a flow rate of 10 mL/min. The loaded SPE cartridge was then dried by purging with air that had been cleaned by passage through another pre-cleaned SPE cartridge. After drying, the adsorbed materials were eluted from the cartridge with acetone (5 mL). The quartz fiber filter together with the filtration residue, i.e., the filter and any suspended solids that were present in the water sample, were allowed to dry in air, and were then extracted with acetone (5 mL). Both acetone solutions were then separately transfered to vials; 13 C12-TBBPA (10 ng) and 13 C12-labeled α-, β-and γ-HBCD (60 ng of each) were added to each vial as surrogates for the following sample drying process. Both extracts (of the SPE cartridge and of the filter) were dried under gentle streams of dry nitrogen, and the residues were each dissolved in acetonitrile (1 mL).
A solvent extraction method, which it was thought might reduce the extraction losses experienced with the SPE procedure, was also investigated for the analysis of HBCDs in water samples. A sample of a landfill leachate (250 mL) spiked with standard HBCD diastereoisomers (30 ng of each) and CH2Cl2 (25 mL) were placed in a 500 mL evaporating flask, and the HBCDs were extracted into the CH2Cl2 layer by rotating the flask at 150 rpm for 10 min at room temperature. The CH2Cl2 layer was then separated and placed in a 50 mL beaker, and this procedure was repeated twice. The water layer was evaporated to dryness in a rotary evaporator and the residue was extracted with CH2Cl2 (2 × 5 mL). The CH2Cl2 solution was evaporated under a gentle stream of dry nitrogen, and the residue was dissolved in acetonitrile (1 mL).
A sample of sediment (1 g), which had been allowed to dry in air, was spiked with the standards and surrogates, namely, TBBPA (10 ng), α-(11 ng), β-(12 ng) and γ-(60 ng) HBCD, 13 C12-TBBPA (10 ng) and 13 C12-labeled α-, β-and γ-HBCD (60 ng of each), and was extracted by sonication with acetone (5 mL) for 10 min. The mixture was centrifuged at 3000 rpm for 10 min; the supernatant layer was transferred to a glass tube; and the solution was evaporated and the residue dissolved in acetonitrile (1 mL) as was done for the water sample.
The acetonitrile solutions of water and sediment extracts were filtered through syringe filters prior to LC/MS/MS analysis when solid material was observed.
Instruments and conditions
An 1100 HPLC instrument (Agilent Technologies, Palo Alto, CA, USA) and an ABS/MDS SCIEX API 3000 LC/MS/MS system (Concord, ON, Canada) were used for measurement. A 2.0 mm × 150 mm Develosil C30-UG-5 (Nomura Kagaku, Aichi, Japan) was used with a 0.2 mL/min eluent flow (30 min run). A linear gradient elution was started at 5% CH3CN/95% water, reached 100% CH3CN at 20 min and remained at 100% (Fig. 1 ).
Molecular orbital analysis
Chem3D Pro (Ver. 9.0, Cambridge Soft Corporation, MA, USA) was used for drawing three dimensional structures and for mapping total charge density surfaces, the highest occupied molecular orbitals (HOMO), the lowest unoccupied molecular orbitals (LUMO), the dipole/dipole forces and other molecular parameters. Figure 1 shows ion chromatograms produced with SIM by atmospheric pressure chemical ionization (APCI) and electro spray ionization (ESI), and those produced with SRM by APCI of a landfill leachate that had been spiked with the HBCDs and TBBPA. For the HBCD diastereoisomers, of which the concentrations of α-, β-and γ-HBCD were respectively 11, 12 and 60 ng/mL, the signal to noise ratios (S/Ns) for APCI were approximately two to five times higher than those for ESI, while for TBBPA at 10 ng/mL, the S/N for APCI was almost half that for ESI. Many matrix peaks were also observed in the ESI chromatogram, which suggested that ESI was more sensitive to the matrix of the leachate. Chromatograms of SRM showed higher selectivity than those of SIM for APCI, but the latter method was more sensitive and was sufficiently selective. Therefore SIM with APCI was usually used for measuring HBCDs and TBBPA in landfill leachate samples. Working curves for SIM were obtained with good linear correlations in the concentration range 2 to 100 ng/mL on a log-log scale; R 2 values for TBBPA, α-, β-, and γ-HBCD were 0.9981, 0.9963, 0.9994 and 0.9984, respectively. In applications to landfill leachates, the limits of detection (LODs) corresponding to S/N = 3 for SIM using APCI were 0.2 ng/L for TBBPA and 2 ng/L for each HBCD diastereoisomer. On the other hand, HBCDs were compounds for which the appropriate ionization modes were different between the instruments, and ESI might be a better choice for some instruments when it has enough selectivity to determine these compounds in landfill leachates.
Results and Discussion

LC/MS analysis of HBCDs and TBBPA
Recovery efficiencies
The recovery efficiencies for the HBCD diastereoisomers and TBBPA are shown in Table 1 . The recoveries were calculated as the amounts of the analytes measured in spiked samples minus those in unspiked samples.
For the water samples, all TBBPA was found in the filtrates, but considerable amounts of the HBCD diastereoisomers were found in the suspended solids because of highly hydrophobic nature of these compounds. The recovery efficiencies of α-, β-and γ-HBCD and TBBPA from water samples using the SPE method, calculated using the compensations with surrogate standards applied only for the drying process, were 85%, 67%, 54% and 103%, respectively (Table 1 (1)). Although 13 C12-labeled α-, β-and γ-HBCD standards were used as surrogates to estimate compensations for losses in the drying process, the recovery efficiencies for the γ-and β-isomers were poor. This indicated that considerable amounts of the HBCD isomers would be lost during other processes, such as SPE, in which surrogate standards were not used, and that good recoveries should be assured by using the labeled standards as surrogates for the overall extraction process. The differences in the recovery efficiencies of the HBCD diastereoisomers would likely result from differences in their physico-chemical properties, which are discussed below.
High recovery efficiencies for α-, β-and γ-HBCDs were obtained for solvent extraction without applying compensations calculated from the use of labeled surrogates (Table 1( 2) ), which also suggested that the losses in the SPE method were mostly due to losses in the cartridges.
The recovery efficiencies for sediment samples were almost 100% for TBBPA and for the HBCD diastereoisomers (Table 1 (3)). Figure 2 shows energy-minimized three-dimensional structures and the total charge density surfaces for the HBCD diastereoisomers calculated using Chem3D Pro using MM2 17 and Extended Huckel, respectively.
Properties of HBCD isomers and their molecular structures
The β-and the γ-isomers have larger cavities within the amphiphilic molecule structures than does the α-isomer. The averages of the distances between the C(n) atom and the C(n + 6) atom, i.e., the diagonal distance across the cavity of the amphiphilic molecule, for the α-, β-and γ-diastereoisomers The total charge density surfaces were also useful in understanding some properties of the HBCD diastereoisomers. The HOMO indicated areas on the total charge density surface where electrons are most loosely bound to the molecule. In the surface mapped with the HOMO, the areas where an electrophile will strongly react with the HBCD molecule, i.e. the regions colored dark red in Fig. 2 , are greater in the order: γ-, β-, α-. Therefore, γ-HBCD is likely to be most reactive of the three isomers to electrophiles, but no significant decomposition of the γ-isomer was observed in the recovery study. The LUMO indicated areas on the surface that are electron-deficient. In the surface mapped with LUMO orbitals, β-HBCD had the largest electron-deficient areas of the 3 isomers. This was reflected for the β-isomer in the high efficiency of [M+Cl] -ion generation by chlorine ion attachment in ESI mode. The α-isomer includes less electrophilic and nucleophilic regions in the HOMO and the LUMO than do the other isomers.
For the HBCD diastereoisomers, the dipole/dipole force, the cavity size, the conformational flexibility, and the susceptibility to electrophilic attack all increased in the order α-, β-, γ-, while the recovery efficiencies for SPE decreased in the same order. This suggested that the γ-isomer was the most strongly adsorbed of the three isomers. Analogous differences between the three of HBCD diastereoisomers were observed in the solvent extraction method as is described below.
Of the spiked HBCD diastereoisomers, the highest percentage adsorbed onto suspended solids, retained in the SPE cartridge, and retained on the solvent extraction residue were, in each case, that of the γ-isomer (Table 1( 1) and (2) ). The standard acetonitrile solutions of the γ-isomer, containing one to several tens of ng/mL, were unstable and could not be kept beyond a few days even in darkened storage at 10˚C. Standard solutions of the α-and the β-diastereoisomers maintained their concentrations for several weeks. The difference in HBCD isomer profiles in different types of environmental samples, sites and products are also likely to result from the differences in properties of the three isomers, but further study is needed to confirm this.
Application to landfill leachates and sediments
TBBPA and HBCDs in leachates and sediments from landfill sites and in a sample of marine sediment were measured with the method developed here. Results are shown in Table 2 and Fig. 3 . Samples A to D and F were the influents to five water treatment plants in five landfill sites, and sample E was the treated effluent from D.
TBBPA is hydrophobic, although the TBBPA molecule contains two hydroxyl groups; it was found in all the landfill leachates and sediments sampled before treatment in water treatment plants, which agrees with the results of our previous study. 18 TBBPA concentrations in sediments were quite low compared to the data published 3 in 1983, and it was evident that TBBPA had leached from all the landfill sites including the oldest site that had been closed 25 years ago, and in which plastic wastes were buried. This means that TBBPA has not fully degraded during that time and it may be used as a marker to locate such plastic wastes as have been irregularly dumped. Concentrations of TBBPA in water before and after a water treatment plant, obtained for only a single pair of samples, were 130 and 7.7 ng/L, respectively.
HBCDs are present in ng/L concentrations in untreated leachates and below the LOD for sediments in landfill sites. The γ-diastereoisomer was found at a concentration of 860 ng/g in a single sample of marine sediment, while the α-and β-isomers were below their LODs for all sediments. Although the abundances of the three HBCD diastereoisomers were different from those previously reported, 19 the γ-was the major isomer in sediments.
Conclusions
A simple and accurate analytical method to determine HBCD diastereoisomers and TBBPA in water and in sediment by LC/MS and LC/MS/MS has been developed. Solid phase extraction (SPE) was used for water samples with high recovery efficiencies (exceeding 85%) for α-HBCD and TBBPA, and with acceptable recovery efficiencies for β-and γ-HBCD isomers. Recovery efficiencies exceeding 88% were obtained for β-and γ-HBCD isomers using solvent extraction with CH2Cl2. The SPE method can reduce solvent consumption, although the solvent extraction procedure provided more accurate results for β-and γ-HBCD isomers than did SPE. The choice of extraction method depends upon the objective of the analysis, and the option of using expensive 13 C-labeled standards as surrogates for all three diastereoisomers in the overall recovery process to obtain reliable results in SPE should be considered.
Solvent extraction with acetone is efficient for measuring HBCD diastereoisomers and TBBPA in sediments. The technical difficulties in developing an accurate measurement method for the three HBCD diastereoisomers were discussed with consideration of their properties, such as dipole/dipole forces, molecular structures and molecular dynamics. In the order α-, β-, γ-, the dipole/dipole force, the cavity size, the conformational flexibility, and susceptibility to electrophilic attack increased for the HBCD diastereoisomers. These properties offered explanations, not only of recovery efficiencies, but also of the profiles of the compounds in environmental samples.
TBBPA leached from all the landfill sites that were investigated including the oldest site that was closed 25 years ago. This shows that considerable amounts of TBBPA have remained undegraded during that time and it may be used as a marker to locate plastic wastes that have been irregularly dumped. HBCD isomers in sediments from landfill sites were below the LOD, but the γ-HBCD diastereoisomer only was found in a sample of marine sediment. Table 2 Analytical results for TBBPA and HBCD diastereoisomers in landfill leachates and sediments (ng/L) Landfill leachate TBBPA 0.3 0.5 540 130 7.7 1 --HBCD < 2 < 2 < 2 < 2 < 2 < 2 --HBCD < 2 < 2 < 2 < 2 < 2 < 2 --HBCD 4 4 8 3 < 2 5 -Sediment TBBPA 0.5 < 0.2 1.1 1.6 -< 0.2 5.5 -HBCD < 2 < 2 < 2 < 2 -< 2 < 2 -HBCD < 2 < 2 < 2 < 2 -< 2 < 2 -HBCD < 2 < 2 < 2 < 2 -< 2 860 
